Aims. Long period (≥60 s) variations of the radio (0.8−4.5 GHz) and X-ray fluxes observed during the July 14, 2000, April 12, 2001, and April 15, 2001 flares by the Ondřejov radiospectrograph and Yohkoh spacecraft are studied by statistical methods. Methods. In the flares under study, characteristic periods are searched for by the Fourier and wavelet methods. To understand the origin of the 0.8−4.5 GHz drifting burst with long period variations, observed at the beginning of the April 15, 2001 flare, crosscorrelations, time shifts, coherence, and phase differences in its time series are computed.
Introduction
Oscillatory phenomena in solar flares give us important information about the flare process itself. These phenomena have been searched for in all available types of observations of solar flares in a broad range of timescales (for review see Aschwanden 2005) . Most of these studies were made analyzing radio and X-ray emissions (see Tables 7.6 and 7.7 and references in Aschwanden 2005) . The studied periods were usually shorter than 60 s. Nevertheless, there are several papers that reported periods longer than 60 s (Aurass & Mann 1987; Chernov et al. 1998; Gelfreikh et al. 1999; Nindos et al. 2002) .
On the other hand, in TRACE observations the coronal loop oscillations with the periods in the range of 120−520 s were reported (Aschwanden et al. 1999 (Aschwanden et al. , 2002 De Moortel et al. 2000; Nakariakov & Ofman 2001; King et al. 2003) . Nakariakov et al. (2004) numerically studied the evolution of a coronal loop in response to an impulsive energy release. They have shown that the loop density evolution curves exhibit quasi-periodic perturbations associated with the second standing harmonics of an acoustic wave.
Recently, Kislyakov et al. (2006) presented examples of variations of the solar flare microwave emission and suggested their possible connection to the photospheric 5-min oscillations. The authors discussed the role of the p-mode in such variations, and they proposed a modulation of the electric current in the coronal magnetic loop as their most probable cause. Furthermore, Nakariakov et al. (2006) proposed a new model for quasi-periodic modulation of solar flare emission, in which fast magnetoacoustic oscillations of a non-flaring loop interact with a nearby flare reconnection region.
Several types of physical mechanisms, which produce quasiperiodic phenomena in solar flares, were proposed: 1) MHD oscillations of coronal loops (Aschwanden 2005; Nakariakov & Verwichte 2005) ; 2) intrinsic oscillations in the nonlinear regime of the kinetic plasma instabilities (Fleishman et al. 1994) ; and 3) the modulation of the acceleration process (e.g., Kliem et al. 2000) . Mechanisms 2 and 3 are usually considered for processes with short periods (≤1 s). For longer periods the most probable basic cause of the periodic phenomena is some type of MHD oscillation.
In this paper we are interested in the long period (≥60 s) variations as well as in other more detailed characteristics of the radio (0.8−4.5 GHz) and X-ray fluxes observed during the July 14, 2000 , April 12, 2001 , and April 15, 2001 flares. In Sect. 2 we outline the observations. Then in Sect. 3, characteristic periods in the radio and X-ray fluxes in the whole flare intervals are searched for. Special attention is devoted to the analysis of X-ray fluxes from the loop-top and footpoints sources of the April 12, 2001 flare. Then, the computation of crosscorrelations, time shifts, coherence, and phase differences in time series at the origin of the broadband drifting burst with long period variations, observed at the beginning of the April 15, 2001 flare, is analyzed. Discussion of results and conclusions are in Sect. 4. 
Observations
For our study, three X-class flares (July 14, 2000 , April 12, 2001 , and April 15, 2001 , see Figs. 1, 2, and 5) observed simultaneously with the 0.8−4.5 GHz Ondřejov radiospectrograph (Jiřička et al. 1993 , the time and frequency resolution is 0.1 s and 5 MHz, respectively) and the Yohkoh satellite (Ogawara et al. 1991) were selected. The basic characteristics of these flares are summarized in Table 1 . All these flares are characterized by broadband, long-lasting radio pulsations with a broad range of characteristic timescales. In this paper we mainly focus on long period variations (≥60 s).
The July 14, 2000 event
According to the GOES soft X-ray observation this flare classified as X5.7 started at 10:03 UT, its maximum was at 10:24 UT, and it ended at 10:43 UT (Table 1) . In Hα the flare has the importance 3B and was located in the NOAA 9077 active region. The radio spectrum of this flare in the 0.8−4.5 GHz range together with the radio fluxes on 1.2 and 4 GHz and the hard X-ray fluxes in four energy channels (L = 14−23 keV, M1 = 23−33 keV, M2 = 33−53 keV, and H = 53−93 keV) recorded by the HXR/Yohkoh satellite are shown in Fig. 1 . The radio spectrum shows broadband pulsations in a broad range of timescales. It appears that the radio spectrum consists of two groups of broadband pulsations (δ f / f > 0.4): those from about 1.4 GHz up to above 4.5 GHz, and those below 1.4 GHz, i.e., the frequency dividing these groups is at about 1.4 GHz. The hard X-ray emission was observed only during the rising phase of both the 1.2 and 4.0 GHz radio emissions in the first global enhancement. The second global enhancement (10:40-11:00 UT) of the 1.2 GHz radio flux has no counterparts in the 4.0 GHz and X-ray fluxes.
The April 12, 2001 event
This flare was classified as X2.0. In soft X-rays it started at 09:39 UT, its maximum was at 10:28 UT, and it ended at 10:49 UT (Table 1 ). In Hα the flare has the importance 2B and was located in the NOAA 9415 active region. The radio spectrum of this flare in the 0.8−4.5 GHz range together with the radio fluxes observed on 1.2 and 4.0 GHz and the hard X-ray fluxes recorded by the HXR/Yohkoh satellite are shown in Fig. 2 . Also in this flare, the radio spectrum shows broadband pulsations in a broad range of timescales. The pulsations can be divided into two groups: those from about 1.5 GHz up to about 4.5 GHz, and those below 1.5 GHz. On radio waves the flare started at 10:14 UT at the frequency 1.5 GHz with the oppositely drifting features (see Fig. 3 ). The hard X-ray emission was recorded only during the first part of the 0.8−4.5 GHz radio burst. Similarly to the case of the July 14, 2000 flare, in the time of the second global enhancement (10:30−10:50 UT) of the 1.2 GHz radio flux the hard X-ray fluxes only decrease.
To understand the physical origin of the studied long period variations that are analyzed in the dm-radio and hard X-ray fluxes, we also searched for such variations in soft X-rays (∼2 keV) observed by the SXT/Yohkoh experiment, where even positions of the X-ray sources can be localized (Fig. 4) . As seen here, the X-ray emission from the loop-top source A, after the rise phase (after 10:24 UT), varies roughly with a period of about 5 min. A detailed analysis follows. 
The April 15, 2001 event
This flare classified as X14.4 started at 13:19 UT, its maximum was at 13:50 UT, and it ended at 22:00 UT (Table 1) . In Hα the flare has the importance 2B and was located in the NOAA 9415 active region. The radio spectrum of this flare in the 0.8−4.5 GHz range together with the radio fluxes observed at 1.2 and 4.0 GHz and the hard X-ray fluxes recorded by the HXR/Yohkoh satellite during the first flare burst are shown in Fig. 5 . The radio spectrum shows broadband pulsations in a broad range of timescales.
It is interesting that the first strong broadband burst is slowly drifting towards lower frequencies (d f /dt ∼ −21 MHz s −1 , see also Fig. 9 ). This burst was observed at the time of the flare loop ejection observed by the TRACE satellite (Fig. 6) ; see also the position of the 53−93 keV X-ray source.
Statistical analysis
First, the time intervals of the radio and X-ray observations of the three studied flares are selected for the statistical analysis ( Table 2 ). The long period variations ≥60 s are searched for in these intervals in both radio and X-ray flux time series. Then, after the cross-correlation analysis of these time series, the unique broadband drifting burst observed at the beginning of the April 15, 2001 flare is studied.
Global analysis: long period variations ≥60 s of radio fluxes at selected frequencies
It is known that in the decimetric range radio spectrum there is a boundary that divides the band (characterized by fine structures and frequency drifts) with the dominant plasma emission mechanism from that (characterized by smooth continua and pulsations) where the gyro-synchrotron mechanism is dominant. To study periods in both these bands and to see their relationship we have chosen 23 frequencies (see Table 3 ) that cover the whole frequency band of the Ondřejov radiospectrograph (0.8−4.5 GHz). At all these frequencies, in the whole time intervals shown in Table 2 , the periods ≥60 s were searched for. We used both the wavelet and the Fourier analysis methods. The wavelet transform was used to analyze a non-stationary power (Daubechies 1990 ). The Morlet wavelet (Grossman & Morlet 1984) representing a sinusoidal oscillation modulated by a Gaussian envelope was chosen as the analyzing wavelet. The wavelet parameter ω was set to 6 or 12.
As significance tests, the confidence levels at 80% and 95% are applied for the background spectrum modeled by the red and white noise, respectively. Regions where edge effects become important due to dealing with finite-length time series are labeled as the cone of influence (COI). The computation of all these parameters is performed as described by Torrence & Compo (1998) using software based on the original routines of these authors 1 . A typical example of the Morlet analysis made in this paper is shown in Fig. 7 , where the 1.1 GHz radio flux observed during the April 12, 2001 flare is analyzed. Among all more or less likely periods, we selected only the dominant ones. We consider only those fulfilling rather restrictive conditions: in the Fourier analysis those with the probability ≥75 % (Mészárosová et al. 1999) and in the Morlet wavelet analysis those with significant periods aside from the COI (see Fig. 7 ) and with respect to the white (95% significant level) as well as to the red noise (80% significant level). The periods that fulfilled these criteria are summarized in Table 3 . In all studied flares we found periods in the interval of 60−513 s. The periods can be divided into several groups: ∼300, ∼150, and ∼80 s. There is no distinct difference in the periods found at low and high frequencies.
Global analysis: Long period variations ≥60 s of Yohkoh hard and soft X-ray fluxes
Using the same methods as in the previous section, we searched for the characteristic periods ≥60 s also in time series of the X-ray fluxes. The results are summarized in Table 4 . The found periods are similar to those found in the radio emissions. It is interesting that one of the most distinct period (∼300 s) was found in the April 12, 2001 flare in the soft X-ray (∼2 keV) emission, but not in hard X-rays. On the other hand this period was found in two other flares (July 14, 2001 and April 15, 2001 ).
Cross-correlations of radio fluxes on different frequencies
To understand the global relationship between radio fluxes on low and high frequencies (in the 0.8-4.5 GHz range in our case) and to recognize different emission mechanisms as mentioned above, we made the cross-correlation of the radio fluxes at different frequencies during the whole July 14, 2000 and April 12, 2001 flares and in two distinct parts of the April 15, 2001 flare. The results are summarized in Table 5 . In the case of the July 14, 2000 flare we can see that the crosscorrelation coefficient is very high if computed in the frequency interval 1.6−4.0 GHz. Below this frequency the relationship to the 4.0 GHz flux is decreasing, which indicates a change of the emission mechanism (see also the radio spectrum in Fig. 1 ). The time shift is zero in this case. In the April 12, 2001 flare, for high frequencies (≥2.5−4.0 GHz), we can see a similar relationship as in the July 14, 2000 flare. But, in the 1.5−2.5 GHz frequency range, the cross-correlation coefficients remain relatively high, while the time shift shows a global positive frequency drift (see also the burst at the beginning of this flare and its positive frequency drift (Fig. 3) ). Analyzing the first part of the April 15, 2001 flare, we found high cross-correlations in the whole frequency range and the time shift expressing a clear frequency drift towards the low frequencies. On the other hand the second part of the April 15, 2001 burst is also highly correlated, but without time shift.
Phase difference of periods between X-ray and dm-radio time series
We used the method by Bloomfield et al. (2004) regarding the cross-wavelet spectrum, mean wavelet coherence, and phase differences of dominant periods between two individual time series.
This method utilizes the inherent phase information residing within the complex Morlet transform. We choose the complex Morlet wavelet (Torrence & Compo 1998) as it yields a complex wavelet transform, containing information on both amplitude and phase as well as for its adequate shape relative to the studied variations. To understand the response of the wavelet coherence to noise, we randomized both time series adding reasonable random noise and calculated the coherence over 1000 separate realizations. While a wavelet power spectrum depicts the variance of a time series, with times of large variance showing large power, the cross-wavelet power of two time series depicts the covariance between these time series. This allows cross-wavelet power to be used as a quantified indication of the similarity of To test the method, we applied it to two artificial data series (left panel a, Fig. 8 ), which are identical, but the second one (gray line) is shifted by 90
• compared to the first one (black line). They have the same period of 185 s as the basic part of the time series. Additionally, the time series contain an aperiodic variable added to the signal in an attempt to simulate the onset of the flare (right panel a, Fig. 8) . The cross wavelet spectrum and the mean wavelet coherence of these artificial time series (left panels in Fig. 8) show us the most significant region (in white) for the dominant 185 s period. The phase difference (left plot d, Fig. 8 ) is about 90
• (in gray), which is in agreement with the shift originally introduced. Summarizing, we can conclude that this applied wavelet method, with its selected particular parameters, is adequate for applied analysis of the radio signals used in the paper.
This technique was applied to the selected radio and Yohkoh hard and soft X-ray fluxes of the July 14, 2000 , April 12, 2001 , and April 15, 2001 drifting bursts. Because of too low coherence between the radio and hard X-ray time series of the July 14, 2000 drifting burst, as well as between the radio and soft X-ray fluxes of the April 12, 2001 one, the phase differences cannot be established. The results are summarized in Table 6 for the hard X-ray (L, M1, M2, and H channels) and dm-radio fluxes of the April 12, 2001 and April 15, 2001 drifting bursts with similar dominant periods (see Tables 3 and 4) .
The smaller phase differences (<100 • ) were found for rather higher periods (>200 s, Table 6 ), for the Yohkoh hard X-ray L, M2, and H channels (April 12, 2001) , and for the M1 and M2 channels (April 15, 2001 ). The higher phase differences (>100 • ) were found for rather smaller periods (<200 s), for the Yohkoh hard X-ray M1 channel (April 12, 2001) , and for the M1 and H channels (April 15, 2001) . physical origin we study it in detail. First, the cross-correlations between radio and hard X-ray fluxes during this burst were analyzed. The results are summarized in Table 7 . It can be seen here that the hard X-ray emission is well correlated with the radio fluxes and that it is delayed several tens of seconds behind the 4.0 GHz radio emission. Then we applied the method by Bloomfield et al. (2004) to the drifting burst. Its time series at the frequencies 1.02 and 4.0 GHz, and their cross wavelet spectrum, mean wavelet coherence, and phase differences are in the right panels of Fig. 8 This technique was applied to all of the selected radio fluxes of the April 15, 2001 drifting burst and the results are summarized in Table 8 . The highest cross wavelet and coherence values were found for the interval of significant periods 300−320 s. For lower values of significant periods the cross wavelet and coherence values decrease. The phase difference systematically increases towards lower frequencies, which corresponds to the increase of the time shift computed by the cross-correlation method in the previous paragraph. Furthermore the coherence values decrease in the interval of 1.3−1.7 GHz. The cause of this decrease can be found in the detailed view on the drifting burst (Fig. 9) . Namely, in this frequency range an additional drifting burst appeared after 13:49 UT. 
Discussion and conclusions
In the present statistical analysis of three X-class flares we found the characteristic periods in the interval of 60−513 s in the radio (0.8−4.5 GHz) and 60−330 s in the X-ray Yohkoh fluxes. The cross-correlation between radio fluxes at different frequencies for the July 14, 2000 and April 12, 2001 flares confirmed that the radio spectra in the 0.8−4.5 GHz range consist of two bands of radio emissions. Due to the results of the cross-correlations and because of fine structures on lower frequencies, we suppose that the broadband pulsating emission below ∼1.4 GHz is generated by the plasma emission mechanism, and the broadband emission in the range above ∼1.4 GHz, which is smooth and without fine structures, by the gyro-synchrotron emission mechanism. However, the characteristic periods in both the radio bands are similar. It is interesting that the period of about 300 s was found not only in variations of the radio flux in the whole 0.8-4.5 GHz range in three X-class flares, but also in the X-ray loop-top emission of the April 12, 2001 flare. Because these 300 s variations were found for both the gyro-synchrotron and plasma emissions at layers of the solar atmosphere where the plasma β parameter is considered to be low, we think that these variations are due to variations of the magnetic field that modulate the flare reconnection process including the particle acceleration. This period corresponds to that of the well known 5-min photospheric oscillations. It can indicate a connection between flare and photospheric processes as proposed by Kislyakov et al. (2006) . If it is the case, then the photosphere represents an oscillating boundary condition for the reconnection process in the low corona. Loops anchored in the photosphere are forced by the 5-min photospheric oscillations to interact, which leads to the 5-min modulation of the flare processes. It is important to mention that the same 300 s period was also observed in the "quiet" solar atmosphere above the boundary of supergranular cells (Gömöry et al. 2006) .
There is an alternative explanation that was proposed by Nakariakov et al. (2006) . In the flare region or in its close vicinity there is a loop, which due to the flare or other perturbations, starts to oscillate with the 300 s period. This oscillating loop produces in its vicinity the MHD waves that penetrate into the flare current sheet and modulate the electric resistivity, thus causing the reconnection process to vary with the 300 s period. In this model the 300 s period is given by the physical parameters of the oscillating loop, and there is no direct connection to the photospheric oscillations. Nevertheless, to distinguish between these two explanations of the 300 s period, further detailed studies of the flare oscillations are necessary.
It was found that the April 15, 2001 flare in the 0.8−4.5 GHz range started with a unique broadband slowly negatively drifting burst in association with the flare loop ejection observed by TRACE. The detailed analysis of this burst shows that it consists of two parts. The cross-correlation and coherence methods revealed that not only the burst as a whole is drifting, but also all features (substructures) in the main part of the burst drift simultaneously towards lower frequencies. Such results cannot be explained in the model based on the gyro-synchrotron emission mechanism. Namely, in the gyro-synchrotron model the substructures should be synchronized in time. Therefore, the main part of the drifting structure appear to be generated by plasma emission processes. On the other hand, the additional part of this burst (which disturbed the coherence) could be generated by the gyro-synchrotron mechanism.
